Vacancy-type defect production in Al-and Si-implanted 4H-SiC has been studied as a function of ion fluence, ion flux, and implantation temperature in the projected ion range region by positron annihilation spectroscopy and Rutherford backscattering techniques. Ion channeling measurements show that the concentration of displaced silicon atoms increases rapidly with increasing ion fluence.
I. INTRODUCTION
Silicon carbide has gained a wide range of interest in the last decade, especially due to its versatility as a base for semiconductor devices working under extreme conditions. SiC has superior material properties which make it suitable for, e.g., high-power devices and high-temperature, highfrequency applications. In order to produce well-defined doped regions in semiconductors, the ion-implantation technique is often used. In the case of SiC, Al implantation has been studied as a possible way of producing p + -doped regions. [1] [2] [3] An obvious disadvantage of the implantation technique is the formation of implantation-induced defects such as vacancies and interstitials. If the fluences are high enough also vacancy clusters and more extended defects can be formed. These defects can hamper the desired electrical properties and therefore thermal annealing of the implanted samples is required in order to reduce the defect density and position dopants at proper substitutional sites. The annealings in SiC often have to be made at very high temperatures 4 since the activation energies for diffusion of intrinsic point defects and dopant atoms in SiC are very high. 5, 6 If the implantation damage is too severe the electrical properties of the crystal cannot be restored. 7 In order to reduce the implantation damage and allow point defects to recombine, the implantation can be performed at elevated temperatures, 8 or alternatively the the ion flux can be varied. 9, 10 Positron annihilation spectroscopy (PAS) has previously been used to identify and characterize vacancy-type point defects in semiconductors. 11, 12 PAS has been used to identify the two monovacancy species in electron-and protonirradiated SiC. 13, 14 A few PAS studies have been performed on the fluence dependence of the damage production in RT ion-implanted SiC. Brauer et al. 15 studied damage production in 200-keV RT Ge-implanted 6H-SiC in the fluence range of 10 12 -10 15 cm −2 . The main defect in the implanted samples was suggested to be the divacancy. In the amorphous layer created near the surface in the samples implanted with fluences over 3 ϫ 10 13 cm −2 also bigger vacancy clusters were observed. A number of annealing studies on ionimplanted SiC have been made. Girka et al. 16 reported on Xe-implanted and neutron-irradiated 6H-SiC. In their study a "negative" annealing stage, with increasing average lifetime, was observed at 1000°C. This was attributed to vacancy clustering. Annealing properties of N 2 -and Alimplanted 3C-SiC were studied by Uedono et al. 17 Agglomeration of vacancy-type defects was observed at 20-1000°C. For annealings at 1000-1200°C the formaa) tion of extended defects was seen. These defects annealed out above 1200°C. A somewhat similar annealing behavior was observed in another study by Uedono et al. 18 regarding P-implanted ͑1 ϫ 10 13 cm −2 ͒ 6H-SiC. The recrystallization of P implantation ͑1 ϫ 10 15 cm −2 ͒ that caused amorphization in 6H-SiC was studied in Ref. 19 . Brauer et al. 20 noted that the annealing at 500 and 950°C of 200-keV Ge-implanted 6H-SiC reduced the damaged layer thickness. An annealing temperature of 1500°C was not enough to remove the vacancy-type defects.
Studies on defect formation in SiC implanted at elevated temperatures can also be found in the literature. Uedono et al. studied 3C-SiC implanted at RT to 1200°C with 200-keV N 2 and Al. They found that at implantation temperatures above 800°C the main defects trapping positrons were vacancy clusters. Also a shift in the depth distribution of defects toward the surface was observed at higher implantation temperatures. Similar results for 3C-SiC were observed by Itoh et al. 21 Wirth et al. 22 combined PAS with Rutherford backscattering spectroscopy (RBS)/channeling to study ionimplantation-induced damage in 6H-SiC. This approach is also applied in the present study, since RBS/channeling monitors dislocated atoms that block the path of a probing ion and thus complements the information of vacancies obtained from the PAS investigations. Ion-implantation damage in SiC has also been extensively studied using only RBS/ channeling. Early work by McHargue and Williams 23 and others have been further refined over the last decade and now a fairly broad understanding of the damage accumulation and amorphization exists. The influence of ion fluence, mass, and implantation temperature has been addressed, 4, 24, 25 and recently also the influence of ion flux 9, 26 has been investigated. The Si sublattice is most readily studied by RBS/channeling, but also damage in the C sublattice can be analyzed using nuclear resonance spectroscopy. 27 It is, however, difficult to yield information of specific defects from RBS/channeling and therefore it is very useful to combine this technique with PAS, which is able to provide an identification of vacancyrelated defects. For instance, in a previous study we have shown that the formation of defects well below ͑ϳ1 m͒ the projected range region of 100-keV Al implants is due to channeled ions and that these defects are mainly V Si . 28 In practice, when fabricating devices, the implantation of dopants is usually done at a given target temperature and the effect of the ion flux, as an important implantation parameter, is neglected. In this study we use positron annihilation spectroscopy in combination with ion-beam techniques to study the effect of the implantation parameters of ion fluence, ion flux, and implantation temperature on the damage production in the projected ion range region.
II. EXPERIMENTAL TECHNIQUES AND SAMPLE PREPARATION

A. Samples
Three sets of samples were fabricated, the first set was implanted with 100-keV Al ions, with the fluence varying between 10 12 and 10 15 cm −2 . The second set was used to study the effect of the implantation temperature on the damage production. This set was implanted with 5 ϫ 10 14 cm −2 100-keV Al ions and the implantation temperature was varied from RT to 800°C. The ion flux for this set of samples was kept at 4 ϫ 10 11 cm −2 s −1 . The third set of samples was implanted with 100-keV Si ions. For this set, the ion fluence was 5 ϫ 10 14 cm −2 and the ion flux was varied from 1.9 ϫ 10 10 to 4.9ϫ 10 13 cm −2 s −1 . The projected range of the implanted ions in all the samples was approximately 120 nm. For the first and second set, the samples were thin epitaxial layers ͑Ϸ10 m͒, weakly n type, grown by chemical vapor deposition on commercial bulk 4H-SiC. For the third set, the samples were Cree 4H-SiC n-type bulk wafers with a resistivity of 0.015 ⍀ m. (See Table I .)
B. Positron annihilation spectroscopy
Although the main damage occurs in the depth interval of 0 -120 nm, i.e., up to the projected range, we expect to see point defects up to 1 m due to channeling effects. 29 We therefore used a monoenergetic positron beam suitable for studying thin epitaxial layers. Monoenergetic positron beams are usually formed of positrons emitted from a radioactive ␤ + source, e.g., 22 Na. After moderation the positrons are accelerated to the desired energy ͑Ϸ0-40 keV͒. This enables the study of vacancy-type defects to a depth of a few micrometers. After implantation the positrons thermalize rapidly (thermalization time of Ͻ5 ps at RT) and thereafter diffuse in the lattice until they annihilate with electrons. Neutral and negative vacancy-type defects in the lattice act as positron traps. When a positron is trapped by such a defect its lifetime increases and the positron-electron momentum distribution narrows due to the reduced electron density.
The momentum of the annihilating positron-electron pair can be detected as Doppler broadening of the 511-keV annihilation line. The Doppler spectrum is influenced by the resolution of the detector. In our experiments we used a Ge detector with an energy resolution of 1.3 keV at 511 keV. The shape of the broadened annihilation line is usually described by the parameters S and W. The low-momentum parameter S is the fraction of counts in the central part of the line and thus it describes mainly annihilation with low-momentum valence electrons. Correspondingly W is the high-momentum parameter obtained as the fraction of counts in the wing region of the annihilation line and it thus describes annihilation mainly with core electrons. Consequently, an increase (decrease) in the S ͑W͒ parameter indicates the presence of vacancy-type defects. The measured S ͑W͒ parameter is a superposition of the S ͑W͒ parameter of the bulk and the parameters of the vacancy-type defects in the sample. Hence, the measured S ͑W͒ is given by
͑2͒
In the above equations B is the fraction of positrons annihilating in the bulk state and Di is the fraction of positrons annihilating in the defect state i. S B ͑W B ͒ and S Di ͑W Di ͒ are the bulk and defect i S ͑W͒ parameters, respectively. If a sample contains only one type of defect the S-W plot of the measurement should form the segment of a line between the defect state and the bulk state. Large deviations from this line indicates that positrons are trapped by more than one type of defect, i.e., annihilate in more than two annihilation states. Near the surface, at low implantation energies, also the annihilation of the positrons at the surface has to be accounted for.
C. Ion-beam techniques
In order to study the crystalline quality of the implanted samples, Rutherford backscattering spectrometry in the channeling mode was employed. Channeled spectra along the ͗0001͘ direction were measured using 2.0-and 2.4-MeV He + beam from a tandem accelerator. The scattering chamber was equipped with a three-axis goniometer and sample control and data acquisition were computer controlled. The backscattering angle was 167°relative to the incident beam and Si solid-state detectors were used. Typically an ion charge less than 60 C was accumulated during the alignment and recording of each channeling spectrum. Figure 1 shows the ͗0001͘-channeled RBS spectra from some selected samples. The dependence on ion fluence can be seen in Fig. 1(a) along with a random spectrum. The differences between the higher fluences are clearly visible, whereas the spectra cannot be distinguished from each other when the fluence is lower than 10 13 cm −2 . At these ion fluences no significant crystalline damage is detected, i.e., the backscattering yield is close to that from the virgin crystal. Figure 1(b) shows the results for the implantations done at elevated temperatures. A significant reduction in the backscattering yield can be seen already at 200°C. When the implantation temperature is increased above 400°C, the implantation-induced damage has diminished substantially and the crystal seems to recover almost completely during implantation.
III. EXPERIMENTAL RESULTS
A. Rutherford backscattering spectrometry/ channeling
The effect of the ion flux on the amount of displaced Si lattice atoms in the silicon-implanted samples is revealed in Fig. 1(c) . As can be seen, the RBS yield in the channeled direction increases with increasing flux, showing more disorder in the crystal.
B. Positron annihilation spectroscopy
In Fig. 2 we show a set of S parameter versus positron implantation energy plots of each of the different sample types. Figure 2(a) shows the S parameter for the samples implanted with different fluences. Fig. 2(b) shows the S parameter after implantation at different temperatures, and In order to clarify the effect seen in Fig. 2(b) , the Doppler parameters are plotted in the ͑W , S͒ plane (Fig. 3) . The measured ͑W , S͒ points for all samples fall on two lines, one line from the surface to the defect state in the projected range region ͑1.5-3 keV͒ and one from the defect state to the bulk state. The sharp shift from the surface-defect line to the defect-bulk line is an indication that the positron trapping in the projected range region is in saturation (all positron annihilate in vacancy-type defects) in all of the sample data depicted in Fig. 3 . Thus, the turning point from the surfacedefect line to the defect-bulk line is the characteristic S and W parameters for the dominant vacancy-type defect at each implantation temperature. Together with the fact that the S ͑W͒ parameter is increasing with increasing annealing temperature, this indicates that the size of the vacancy-type defect is increasing with increasing implantation temperature. Figure 4 shows the normalized PAS Doppler parameters and the RBS/channeling yield as a function of ion fluence for the 100-keV Al-implanted samples. The points shown in the figure have been extracted as averages from the original data for the projected range region. As expected the backscattering yield relative to the virgin crystal increases with increasing ion fluence [Fig. 4(c) ], indicating more displaced Si atoms. Below 10 13 cm −2 the backscattering signal approaches that of the virgin crystal and thus no damage is observed.
IV. DISCUSSION
A. Damage production as a function of ion fluence
From the PAS results in Figs. 4(a) and 4(b) the following can be concluded: From 10 12 to 10 13 cm −2 the S ͑W͒ parameter increases (decreases) slowly, thereafter it stays approximately constant in the fluence interval of 10 13 -10 14 cm −2 . Above 10 14 cm −2 the S ͑W͒ parameter increases (decreases) rapidly. The behavior of the PAS parameters thus differs from the RBS/channeling results. In Figs. 4(a) and 4(b) we have indicated the S and W parameter levels of the t 1 and t 2 positron traps determined in Ref. 29 . These traps were tentatively identified 29 as a Si monovacancy V Si ͑t 1 ͒ and a silicon carbon divacancy V C V Si ͑t 2 ͒ by comparing to previous experimental 14, 20 and theoretical results.
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The interpretation of Figs. 4(a) and 4(b) is the following: Below the ion fluence of 10 13 cm −2 positrons are trapped and annihilated at mono-and divacancies. When the ion fluence reaches 10 13 cm −2 , annihilation at divacancies dominate and the concentration of divacancies is high enough for saturation trapping, i.e., all positrons annihilate at divacancies. When the ion fluence is further increased, larger vacancy clusters can be formed, and above 10 14 cm −2 the trapping of positrons to these larger open volume defects starts to dominate and the S ͑W͒ parameter begins to increase (decrease) rapidly. This interpretation is in agreement with the RBS/ channeling results in Fig. 4(c) , which measure the total amount of displaced Si atoms and not specific defects.
B. Damage production as a function of implantation temperature
The influence of the implantation temperature on the amount of damage is summarized in Fig. 5 . The PAS Doppler parameters shown in Figs. 5(a) and 5(b) are extracted from the projected range region. All samples were implanted with an ion fluence of 5 ϫ 10 14 cm −2 and with the same ion flux. The points marked with an open circle represent samples that were implanted with Si. All the other points are from the Al-implanted samples. Since the atomic masses of Si and Al are very close, there should not be any significant differences in the damage production between these two kinds of ions. The implantation temperature was varied between RT and 800°C.
From the RBS results in Fig. 5(c) it can be noted that the fraction of displaced atoms decreases rapidly with increasing implantation temperature. Already at an implantation temperature of 400°C the crystal seems to recover almost completely during implantation. However, the PAS measurement indicates that the microscopic processes are more complicated. In the temperature interval from RT to 100°C the S ͑W͒ parameter is decreasing (increasing). When the implantation temperature is increased above 100°C the S parameter starts to increase, whereas the RBS minimum yield continues to decrease.
The decreasing S (increasing W) parameter below 100°C, combined with the decreasing RBS minimum yield, is an indication that the concentration of the open volume defects in the samples is decreasing. Since the PAS S ͑W͒ parameter is clearly above (below) the value for the divacancy already at 100°C which can also be clearly seen from the W͑S͒ plot in Fig. 3 , we conclude that the increase (decrease) in the S ͑W͒ parameter above 100°C is due to the formation of larger open volume defects, i.e., vacancy clustering. At 800°C the S parameter value at the projected range ͑Ϸ1.11͒ indicates that the vacancy clusters trapping positrons consist of more than five monovacancies. 32 The vacancy clustering at such low temperatures indicates that the vacancies are mobile during the implantation process. This seems possibly to be in contradiction with cal- culated migration barriers for vacancies in SiC and with experimental diffusion studies, which usually require much higher annealing temperatures. [33] [34] [35] [36] However, it must be noted that the theoretical calculations and diffusion studies are done assuming thermal equilibrium, whereas in the case of implantation at high temperatures the crystal is far from being in thermal equilibrium and in addition, ionizationenhanced defect migration may also appear.
C. Damage production as a function of ion flux
In Fig. 6 we show the S and W parameters from the PAS measurements (projected range region) and the normalized RBS yield for samples implanted with 5 ϫ 10 14 cm −2 100-keV Si ions at 100°C as a function of ion flux. As can be seen from the RBS/channeling signal [ Fig. 6(c) ] the differences between the lowest and highest ion fluences are significant. The crystal structure changes from an ordered structure to an almost amorphous state when the ion flux is increased from 10 10 to 10 13 cm −2 s −1 .
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The changes in the PAS Doppler parameters are not as dramatic. The increase in the normalized S parameter is roughly 1% in this flux interval. The S parameter value is slightly above the t 2 level, indicating that no significant concentration of larger open volume defects is formed during the implantation.
The RBS/channeling and PAS results can be understood by noting that the PAS S and W parameters are very close to the divacancy level t 2 . It is therefore difficult to estimate the concentration of the vacancy-type defects in the samples since the positron trapping is in saturation. A small change in the S ͑W͒ parameter can reflect a large change in the concentration of vacancy defects. In general, it can be concluded that since the changes in the Doppler parameters are small, the average open volume in the implanted samples is approximately constant and close to that of a divacancy.
V. CONCLUSIONS
In this study we have reported on damage production in ion-implanted 4H-SiC investigated with ion-beam methods and positron annihilation spectroscopy. The amount of damage in the ion projected range region was studied as a function of ion fluence, ion flux, and implantation temperature. As expected the number of displaced silicon atoms is found by RBS channeling measurements to increase rapidly with increasing ion fluence. The PAS measurements show that both mono-and divacancies exist at fluences below 1 ϫ 10 13 cm −2 . In the fluence interval of 1 ϫ 10 13 cm −2 -1 ϫ 10 14 cm −2 all positrons annihilate at divacancies. RBS channeling measurements show that the fraction of displaced silicon atoms decreases rapidly when the implantation temperature is increased to 200°C, and above 400°C the RBS minimum yield approaches that of the virgin crystal. The PAS results show that two different microscopic processes take place depending on the implantation temperature. Below 100°C the PAS Doppler parameters behave as the RBS minimum yield, indicating vacancy recovery. However, above 100°C the vacancy-type defects in the implanted samples start to agglomerate into large vacancy clusters.
For samples implanted at different ion fluxes but with the same fluence, the RBS channeling yield shows a dramatic change from an ordered crystal into an almost amorphous state when the ion flux is increased from 10 10 to 10 13 cm −2 s −1 . The associated changes in the PAS Doppler parameters are observed but they show that divacancies remain as the dominant defects at all fluxes. The clustering of vacancies seems to result from the increased ionimplantation fluence and temperature, but to much smaller extent from the increased flux.
